Monocytes are one of the predominant cell types in the peripheral blood that are infected by human cytomegalovirus (HCMV). Although virus can be detected in these cells in vivo, HCMV replication in cultured monocytes has been unsuccessful. In this study, we demonstrate efficient HCMV replication in cultured monocytes. HCMV permissiveness in these cells was dependent on nonadherent cell-induced stimulation of the monocyte, with subsequent morphological differentiation into macrophages. Approximately 40% of the cells infected by virus were detected by immunofluorescent staining with both immediate-early and late antibodies. In addition, viral plaque assays demonstrated signfficant productive infection of macrophages. These observations are consistent with the suggestion that the monocyte/macrophage serves as a source of viral amplification and dissemination.
Human cytomegalovirus (HCMV) infection of immunocompromised patients often results in acute disease (10) . The virus may also contribute to the immune dysfunction observed in these individuals by directly infecting lymphoid cells (3, 19) . HCMV immunosuppression is exemplified by a depressed lymphocyte response to T-cell mitogens (3, 13, 27, 32) , decreased natural killer cells (11, 28) , and cytotoxic T-lymphocyte activities in in vitro studies (27) . The T cell may also be functionally impaired without being productively infected (2, 12, 28) . This observation is attributed to suppression of various monocyte accessory cell functions including suppression of interleukin 1 production (12, 14, 23) and depressed T-cell proliferative responses to mitogens, such as concanavalin A (ConA) (3, 19, 21) or pokeweed (19, 21) , because of HCMV infection. Therefore, cells of the peripheral blood may serve as a target as well as a potential source of viral persistence.
With the advances in immunocytochemical techniques and in situ hybridization, cell types naturally infected by HCMV have been identified in the peripheral blood (20) and tissues (8, 15) of acutely infected individuals. Studies of separated cell populations from the peripheral blood in natural or in vitro HCMV infections have demonstrated monocytes (5, 12, 19) , T cells (1, 6) , and neutrophils (27, 32) as the predominant infected cell types. In HCMV asymptomatic patients, viral infection of peripheral blood cells is infrequent and expression appears to be restricted to early events (1, 4, 5, 19) . However, in patients with acute HCMV infection, virus can be frequently isolated from these cells (3, 20, 24) . Polymorphonuclear cells may harbor viral DNA; however, expression has not been detected, suggesting that these cells may phagocytize viral particles (32) . Examination of biopsies from transplanted organs of patients with HCMV disease indicates that mononuclear inflammatory cells are the predominant infected cell type (8, 36) . Both the frequency and the extent of viral expression in infected infil-trating cells are increased in these tissues relative to the incidence of virus in cells of the peripheral blood. Since infiltrating cells are in a state of activation, the increased incidence of virus detected in these cells may be due to cellular induction of viral replication.
Cellular differentiation has been observed to correlate with productive HCMV infection in a few cell lines. For example, the monocytic cell line THP-1 is permissive for HCMV after 12-O-tetradecanoylphorbol-13-acetate-induced differentiation of the monocyte into a macrophage (34) . Similar results were also observed with the teratocarcinoma cell line (N-Tera-2) (9). In these systems, HCMV replicates in differentiated but not undifferentiated cells. These observations might suggest that either differentiation events are linked to HCMV activation or the virus productively infects only terminally differentiated cells.
HCMV infection of peripheral blood mononuclear cells in vitro has demonstrated viral expression in a few cells restricted to early viral events. One of the major cell types infected by HCMV in these cultures is monocytes (1, 4, 5, 19) . A variety of different culture methods have been developed by several groups to study the growth of HCMV and other viruses in primary monocyte/macrophage cultures (2, 3, 7, 11, 18, 19, 30) . Most of these culture systems are heavily reliant on continuous exposure of various cytokines and mitogens in the growth medium, but to date none of these primary culture systems have been successful in replicating HCMV. Recently, a primary monocyte/macrophage culture system which relies on antigenically or mitogenically activated T-cell contact with monocytes was described (25 In vitro infection of monocyte/macrophages. The recent isolate of HCMV, I-G, (19) was used to infect primary cultures of monocyte/macrophages. The frozen stock of I-G, originally isolated from an adult patient with mononucleosis, had been passaged through human fibroblasts (HFF) and frozen at passage 12 in liquid nitrogen. Consequently, frozen samples from this stock were thawed and passaged for one to five additional rounds through HFF cells prior to monocyte/ macrophage infections. Sonicated HCMV-infected HFF cell lysates were used as the source of virus, which was diluted 1:1 with monocyte/macrophage-conditioned medium. Monocyte/macrophage cultures containing 5 the cultures were allowed to incubate for 10 to 12 days, with occasional feeding. Cells were fixed with a 25% formalinphosphate-buffered saline solution for 10 to 15 min and stained with a 0.05% solution of methylene blue (Ricca Chemicals) (35) .
RESULTS
Macrophage culture characteristics. The morphological differentiation of the monocyte cultures was based on a 20-h stimulation of the monocyte-derived adherent cells and the lymphocyte-derived nonadherent cell fractions in the presence of 10 ,ug/ml of ConA. A fivefold increase or decrease in the concentration of ConA resulted in detachment of adherent cells within several days of initial stimulation. After the initial stimulation and washing of adherent cells, a 30 to 40% fraction of adherent cells, referred to as short-term adherents (29, 37) , detached from the surface of the plate and were removed by further washes (Fig. 1A) . This process occurred over a period of 3 to 4 days poststimulation (Fig. 1B) . The remaining attached cells slowly increased in size (Fig. 1C) , and some fused and formed MNGCs (Fig. 1D) . Cells at the two later stages were greater than 98% esterase positive (Fig. 2) and could be maintained in culture for several months. MNGCs were observed as early as 6 or as late as 25 days poststimulation. Individual donors demonstrated different rates and frequencies of MNGC formation. The cellular morphology associated with activated nonadherent cell-induced differentiation of monocytes was similar to that of long-term primary macrophage cultures previously reported (29, 37 (Fig. 3B, C , and E). L antigen was detected in day-4-infected cultures and paralleled the increase in the percentage of IE-positive cells (Fig. 3D) Table 1 , which demonstrates the frequency of HCMV infection of macrophage cultures infected and harvested at various days postinfection for one individual donor.
Virus penetration in 1-day cultures. To determine whether the lack of HCMV antigen expression in day-i-infected monocyte cultures was due to the inability of the virus to attach to and penetrate the cells, monocytes were infected with HCMV containing 3H-labeled genomic DNA. Day 1 monocytes and permissive HFF cells of equivalent cell numbers were infected with equal counts of labeled virus (1 x 105 cpm). At 12 h postinfection, cells were washed, fractionated, and assayed for the presence of 3H-labeled viral DNA in the nucleus and cytoplasm and on the cell surface. Upon harvest and quantitation, 75 to 80% of the label was recovered from both cultures. Approximately 3% of the label was found in the cytoplasmic fraction or attached to the surface of the monocytes, while 6% of the labeled virus was recovered from these fractions of HFF cells. After the counts found in each fraction were normalized to the number of nuclei isolated, similar amounts of 3H-labeled viral DNA were recovered from the nuclei of both the permissive HFF cells and the nonpermissive day 1 monocyte/macrophages (Table 2) . Therefore, the results suggest that viral absorption and penetration are not involved in the lack of HCMV expression observed in day 1 monocyte/ macrophage cultures. HCMV productively infects differentiated macrophages. The presence of late HCMV gene products in the infected morphologically differentiated macrophage cultures suggested that the virus productively infected these cells. To test this hypothesis, a series of one-step viral growth analysis was performed with infected cell lysates and supematants from unstimulated monocytes as well as day 1 and day 10 nonadherent-cell-activated monocyte/macrophages. Cells infected with HCMV demonstrated little cytopathic effect. Viral plaque assays of HFF with day-10-infected monocyte/ VOL. 65, 1991 macrophage cell lysates demonstrated the highest levels of viral replication titers so far reported, with titers ranging from 105 to 107 PFU/ml (Fig. 4) . Each time point on the graph represents approximately 4 x 105 cells per infected dish and at the peak of infection averages a titer of 25 PFU per cell. The highest titers of virus in the macrophage cultures again correlated with the maturity of the stimulated monocyte/macrophage cultures, as evidenced by the formation of MNGCs. In contrast, HCMV infection of day-lstimulated cultures resulted in a 4-to-5-log decrease in viral titers. The infection of unstimulated cultures produced minimal amounts of virus (Fig. 4) . To determine whether virus was released from infected cells, supernatants were assayed for the presence of HCMV. Virus was not detected in any of the above-described supernatants, suggesting that HCMV may be predominantly cell associated in the monocyte/ macrophages (data not shown). (1, 4, 5, 19) . The inability to replicate HCMV in these primary human mononuclear cell cultures has been hypothesized to be due to the limited survival time of these cells in vitro (22) . Most macrophage culture systems rely on the addition of various cytokines (granulocyte-macrophage or macrophage colonystimulating factor or tumor necrosis factor), which may produce varying degrees of stimulation. In the system described in this report, activated nonadherent cell stimulation of the monocyte for 20 h is sufficient to induce morphological differentiation and produce cultures that survive up to several months without further stimulation. Our ability to maintain these differentiated cells in culture for extended periods of time may explain our success in infecting these cells.
DISCUSSION
Prior studies that used this culture system have suggested that the T lymphocyte is, most likely, the cell in the nonadherent cell population responsible for stimulation of the monocyte. This conclusion is based on experiments in which antibodies directed against the DR locus of class II restriction blocks monocyte differentiation as well as HIV reactivation (25) . This T-cell-monocyte requirement is believed to mimic the T-cell-monocyte interactions that occur in vivo and, therefore, provides an excellent model system for studying viral (34) . The human teratocarcinoma cell line N-Tera-2 is another example of how differentiation dramatically affects the fate of HCMV replication. In this cell line, HCMV replicates in differentiated but not undifferentiated cells (9) . Similar to that of primary macrophages, the timing of HCMV infection of N-Tera-2 cells during the differentiation process is crucial for production of virus. When cells are infected early in the differentiation process, a limited amount of virus is detectable. Maximal amounts of HCMV are produced only in terminally differentiated cells. This observation parallels the monocyte/macrophage system in which optimal amounts of virus are recovered from older macrophage cultures. The block in HCMV replication in the N-Tera-2 cell line occurs at the transcriptional level of the major IE promoter, which regulates the transcriptional activator genes of the virus (17) . A similar mechanism may also regulate HCMV expression in the monocyte/macrophages. Studies with labeled virus show that the block in HCMV expression in nonpermissive unstimulated monocytes is not at the level of absorption and penetration into the cell. Other posttranscriptional events, however, may regulate viral replication in these cells.
The role of the monocyte/macrophage in HCMV biology. The observation that HCMV can productively infect monocyte/macrophages suggests that the virus can directly perturb an important component of the immune system as well as serve as a vector for viral dissemination into various tissues. However, we have been unable to reactivate HCMV from the monocyte/macrophage cultures of HCMV-seropositive patients, suggesting that monocytes are not latent sources of virus (unpublished observations). Our results would indicate that permissiveness of macrophages to HCMV infection is dependent on the extent of cellular differentiation. Therefore, macrophages may serve as a source of viral amplification. Thus, similar to those of HIV, T cells and monocytes play a critical role in the biology of HCMV. The viruses, however, may utilize the cells for different purposes. Whereas the monocyte is a reservoir and vector for HIV, it appears to serve as a vector and amplication unit for HCMV. Future studies will be required to understand the mechanisms involved in T-cell-induced expression of HCMV in the monocyte.
